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We study Hall effect in sputtered Nia;Pti_a; thin films with different Ni concentrations. Temperature, mag- 
netic field and angular dependencies are analyzed and the phase diagram of NiPt thin films is obtained. It is 
found that films with sub-critical Ni concentration exhibit cluster-glass behavior at low temperatures with a 
perpendicular magnetic anisotropy below the freezing temperature. Films with over-critical Ni concentration 
are ferromagnetic with parallel anisotropy. At the critical concentration the state of the film is strongly frus- 
trated. Such films demonstrate canted magnetization with the easy axis rotating as a function of temperature. 
The magnetism appears via consecutive paramagnetic - cluster glass - ferromagnetic transitions, rather than 
a single second-order phase transition. But most remarkably, the extraordinary Hall effect changes sign at 
the critical concentration. We suggest that this is associated with a reconstruction of the electronic structure 
of the alloy at the normal metal - ferromagnet quantum phase transition. 

PACS numbers: 73.50.Jt, 75.70.Ak, 75.30.Kz, 73.43.Nq 
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I. INTRODUCTION 

NiPt is an interesting alloy both from fundamental and 
technological points of view, due to non-trivial magnetic 
and catalytic propertieaii^. Pt is characterized by the 
strong spin-orbit interaction resulting in the appearance 
of a large spin-Hall effect-^-'*. When mixed with magnetic 
elements, like Ni or Fe, Pt provides a non-trivial host 
matrix leading to a variety of physical properties of bi- 
nary alloys. Detailed understanding of those properties 
remains a serious theoretical challenge. It is further com- 
plicated by the existence of several ordered phases, show- 
ing different properties compared to disordered alloys^"—. 
Pt and Pd are the two known elements that can form 
solid solutions with Ni at arbitrary proportions^ (all 
three belong to the same group-10 of the periodic table of 
elements). However, while NiPd becomes ferromagnetic 
at very low Ni concentration, the onset of zero temper- 
ature ferromagnetism in bulk Ni2;Pti_2; occurs at fairly 
large concentration Xc — 40 at.% of Ni2r— , which makes 
it easier to control composition, material and magnetic 
properties. At the critical concentration, the transition 
between the normal metal and the ferromagnetic states 
occurs via a quantum phase transitioi>ii*i^, i.e., a phase 
transition at T = 0, not driven by thermal fluctuation. 

Magnetic moment distribution in bulk NiPt alloys was 
studied quite exhaustively by high field susceptibility^^, 
magnetization^'^ and neutron scatteringi^ experiments. 
It was observed that NiPt alloys indeed are spatially uni- 
form, in contrast to other binary alloys of Ni and Fe, 
which are prone to segregation^^ The bulk NiPt alloy 
can exist in two phases: a chemically disordered face 
centered cubic (fee), with Pt and Ni atoms randomly 
distributed over the crystal lattice; and a chemically or- 
dered state, either with face centered tetragonal (fct), or 
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fee structure^. Concentration dependencies of the mag- 
netic moment and the Curie temperature are different 
for ordered and disordered alloys, especially at low Ni 
concentrations . ^'^"i"'^^ 

In this work we study magnetic properties of sputtered 
Nij;Pti_a: thin films with different Ni concentration. The 
composition of the films is characterized by the energy- 
dispersive X-ray spectroscopy. Anomalous Hall effect is 
employed for analysis of magnetic properties of the films. 
Temperature, magnetic field and angular dependencies of 
the Hall resistance are analyzed and the magnetic phase 
diagram of NijjPti-^; thin films is obtained. It is found 
that films with low, sub-critical, Ni concentration show 
cluster-glass (CG) behavior at low temperatures and ex- 
hibit perpendicular magnetic anisotropy below the freez- 
ing temperature. Films with over-critical Ni concentra- 
tion are ferromagnetic (FM) with parallel anisotropy. At 
the critical concentration the state of the film is strongly 
frustrated: magnetization is canted and is rotating with 
temperature. Magnetism appears via a percolative para- 
magnet - cluster glass - ferromagnet transitions, rather 
than a single second order phase transition. But most re- 
markably, the extraordinary Hall coefficient changes sign 
from electron-like to hole-like at the critical concentra- 
tion, while the ordinary Hall coefficient remains always 
electron-like. This indicates the "intrinsic" nature of the 
anomalous Hall effect in this case. We suggest that this 
phenomenon is a consequence of the quantum phase tran- 
sition, and is associated with a reconstruction of the elec- 
tronic structure upon transition to the spin-polarized FM 
state. 

In recent years ferromagnetic thin films have attracted 
significant attention, due to a rapid development of novel 
spintronic applications^^. In particular, diluted ferro- 
magnets are favorable for fabrication of hybrid supercon- 
ductor/ferromagnet quantum devices, which may bene- 
fit both from spin polarization in FM and macroscopic 
phase coherence of superconductorsii"— . The uniformity 
of the FM alloy can become critical when designing small. 
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mono-domain spin-valve type structures. Here NiPt may 
be the material of choice, among binary alloys, because 
of its inherent intrinsic homogeneity. 

Magnetic properties of thin films can be quite different 
from those of bulk materials. For example, magnetic mo- 
ment of transition metals is predicted to be higher at the 
surface than in the bulk2£. Magnetic properties of thin 
films may also depend on the mechanical stress, induced 
by the substrate. The magnetic moment can increase or 
decrease depending on whether the crystallographic unit 
cell of the film dilates or contracts, as a result of the lat- 
tice mismatch between the film and the substrate. The 
Curie temperature of thin films can also be different com- 
pared to the bulk material^. Ferromagnetic thin films 
exhibit interesting anisotropy properties. The magnetic 
moment usually tends to orient itself in-plane, to mini- 
mize the magnetostatic energy. However, it was shown 
that thin films of rare-earth transition-metal alloys may 
have a perpendicular, out-of-plane anisotropy^^. A sig- 
nificant structural anisotropy is needed for overcoming 
the large shape anisotropy, inherent to thin films, in or- 
der to facilitate the out-of-plane easy axis direction of 
magnetization. Reorientation of magnetization from the 
in-plane to the out-of-plane as a function of film thick- 
ness or temperature was observed for a large number of 
thin films^^"'^^. Films with perpendicular anisotropy can 
be used for high-density magnetic recording. 

Magnetic thin films may exhibit superparamagnetic- 
type of cluster-glass behavio r^^i^^ , which is not common 
for bulk materials. In the CG state the system behaves 
not like one single domain particle with all its moments 
aligned in one direction, but rather splits into multiple 
spin-clusters. The effective magnetic moment of the clus- 
ter can be large^i ~ 1000 Bohr magnetons /is- At high 
temperatures the direction of magnetization of each clus- 
ter fluctuates and eventually freezes at low T. Below 
freezing temperature the system can exhibit a sponta- 
neous magnetization and coercivity. 

The anomalous Hall effect^"— is the characteristic 
property of ferromagnetic materials caused by spin-orbit 
interactions. It may have both extrinsic and intrinsic 
contributions, arising respectively from spin-dependent 
impurity scattering, or finite effective magnetic flux, as- 
sociated with the Berry phase of itinerant charge carriers 
with different spin polarization^i^. Hall voltage of thin 
films is described by^ 

Vh = {pHl)/d = [RoH + RiM)I/d, (1) 

where Vh is the Hall voltage, pn is the Hall resistivity, H 
is the magnetic field intensity, M is the magnetization, 
/ is the applied current, d is the film thickness, Rq is 
the ordinary Hall effect (OHE) coefficient and Ri is the 
extraordinary Hall effect (EHE) coefficient. Magnetic al- 
loys, including Pt-based thin films, have been reported 
to show anomalously large EHE)^"— , which is up to two 
orders of magnitude larger than for magnetic elements 
such as Fe, Co and Ni^. The EHE provides a very sim- 




FIG. 1. (Color online) (a) The sputtering Ft target with 
attached Ni segments, (b) The erosion track at the 1.5 inch 
Ft target. The position of rectangular Ni segment with the 
size 4.5 X 14 mm is shown schematically. Each Ni segment 
covers '-^ 7.4% of the effective Ft target area, (c) The NiPt 
Hall probe bridge. The current is applied along the sample 
and resistance is measured simultaneously in longitudinal and 
transverse direction. 

pie way of studying magnetic properties of thin films, 
compared to other measurement techniques such as vi- 
brating sample magnetometer'*-, superconducting quan- 
tum interference device magnetometer—, optical^ and 
Hall probe magnetometer—. The reciprocal dependence 
of the measured Hall voltage on the film thickness, see 
Eq.(IT]), makes this technique preferential for analysis of 
thin films. The EHE allows us to study magnetic prop- 
erties at all temperatures and magnetic fieldsi^ 

II. EXPERIMENTAL 
A. Thin film fabrication 

Nia;Pti„a; thin films were deposited by DC magnetron 
sputtering from 1.5 inch target on oxidized Si wafer at 
a power of 0.05 kW, base pressure ~ 10~^ mbar and 
processing Ar pressure 6.7 • 10~^ mbar. The deposition 
time was about 5 minutes with deposition rate of 1.67 
A/sec. The thickness of all studied films is ~ 50 — 60 nm, 
as determined by surface profilometer measurements. 

Due to the large cost of Pt, preparation of separate 
NiPt sputter targets for different Ni concentrations is im- 
practical. Therefore, deposition targets were made from 
a single pure Pt target, on top of which a selected num- 
ber of rectangular shaped Ni segments were symmetri- 
cally attached, similar to that in Ref. [sli The number 
of segments was adjusted to control the composition of 
the studied Nia;Pti_a; thin films. Figure [TJa) shows the 
target with eight attached Ni segments. Each rectangle 
covers ~ 7.4 % of the effective sputtering area, confined 
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FIG. 2. (Color online) EDS measured Ni concentration of 
the NiPt thin films on Si02 substrates as a function of the 
relative Ni target area for different electron beam energies. 
The dashed line represents a linear fit for different electron 
beam energies. 



within the erosion track with the diameter of 19.5 mm 
and the width 7 mm, as shown in Fig. H^b). The de- 
posited Nia;Pti_a; films were patterned using photolithog- 
raphy and Ar ion milling to form a bridge with both Hall 
and longitudinal contacts, as shown in Fig. [TJc). 



B. Analysis of thin films composition by energy dispersive 
X-ray spectroscopy 

To determine the actual Ni concentration in our NiPt 
thin films, we used the energy dispersive X-ray spec- 
troscopy (EDS). Electron probe microanalysis showed 
uniform composition of the film with the spatial reso- 
lution ~ 1/xTO. Both K and L shell X-ray series were 
analyzed^. Analysis of thin film composition by EDS is 
non-trivial because incident electrons can shoot through 
the film and cause a parasitic X-ray signal from the 
substrate^iH. This may cause an error due to secondary 
fluorescence of the film material after reabsorption of 
X-rays produced in the substrate. Furthermore, the 
film/substrate interface leads to backscattering of elec- 
trons into the film, which causes additional X-ray emis- 
sion and overestimation of concentration of elements in 
the film. Depending on the electron beam energy, the 
interaction volume can be confined either in the film or 
in the substrate, resulting in different measured X-ray 
signals. Thus, the conventional quantitative EDS cor- 
rection, used for bulk specimens, can give errors when 
applied to thin films. 

To check the influence of the interaction volume on 
the EDS signal, we varied electron beams energies. Fig- 
ure [2] shows obtained Ni concentrations as a function of 
the relative area of Ni in the combined Pt/Ni target for 
electron beam energies of 5, 10, 15 and 30 keV. The ef- 
fective target area was calculated taking into account the 
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FIG. 3. EDS measured Ni concentration of NiPt flakes as a 
function of electron beam energy. The flakes were scratched 
out from a film with 44.4 % of the relative Ni target area. 



actual profile of the erosion track on the target, shown in 
Fig. [ijb). It is seen that the measured Ni concentration 
is correlated with the relative Ni target area. However, 
EDS measurements at different E-beam energies provide 
slightly different estimations of Ni concentration. The 
largest value of Ni concentration is obtained at 10 kcV 
energy for films at Si02 substrates. 

For lower electron beam energy of 5 keV the interaction 
volume is mostly confined in the film, consequently the 
number of backscattered electrons at the film/substrate 
interface is small. At high electron beam energies 15 and 
30 keV, the number of backscattered electrons from the 
interface is also small because the peach-form interac- 
tion volume is confined mostly in the substrate and the 
probability for high energy incident electrons to be re- 
flected at the film/substrate interface is low. However, 
at the intermediate electron beam energy of 10 kcV, the 
extremum of the interaction volume cross-section is close 
to the film/substrate interface. The energy of incident 
electrons in this case is low enough for having a large 
probability of backscattering at the film/substrate inter- 
face, simultaneously backscattered electrons have suffi- 
ciently high energy for excitation of L-series X-rays of 
Ni, which are used for EDS analysis at this beam energy. 
This can lead to a particularly large overestimation of Ni 
concentration at 10 keV E-beam energy. 

In order to eliminate the effect of the substrate, we per- 
formed EDS analysis on free standing NiPt flakes, spread 
on a carbon substrate. Figure |3] shows the average value 
of Ni concentration for several NiPt flakes, as a function 
of the electron beam energy. The film was deposited from 
the Pt/Ni target with the relative Ni area of 44.4 %. It is 
seen that in this case the estimated Ni concentration de- 
creases monotonously with increasing the electron beam 
energy. This can not be attributed to backscattering from 
the substrate but rather can be explained by the error in 
correction of Ni X-ray absorption in the film^** or/and by 
the error in the correction of the secondary fluorescence 
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FIG. 4. (Color online) Temperature dependencies of trans- 
verse resistances for the films with Ni concentrations of (a) 
13, (b) 27, (c) 40 and (d) 67 at.% and for different field direc- 
tions (±0.16 and ±0.18 T) perpendicular to the film. 



of Ni by Pt. At low electron beam energies, the light 
L-series are used for determination of Ni concentrations, 
while high energy K-series are used at high electron beam 
energies. The absorption is very difficult to correct when 
working with light elements. It is also more difhcult to 
correctly compensate the secondary fluorescence of very 
light Ni L-series by Pt. Hence, Ni concentrations are ob- 
tained from the linear fit to EDS data at electron beam 
energies of 5, 10, 15 and 30 keV but with lower weight for 
10 keV and larger weight for 15 and 30 keV (the dashed 
line in Fig. [5]). In what follows, we will use this fit for 
notation of Ni concentration. The accuracy of such de- 
termination is verified below by comparison of the Curie 
temperature at high 67% Ni concentration with that for 
bulk alloys. 



C. Measurement setup 

Measurements were carried out in a cryogen-free mag- 
net system with a fiowing gas insert, in a temperature 
range from 1.8 K to 300 K and fields up to ±10 T. The 
sample was mounted on a rotatable sample holder. Re- 
sistances were measured both in transverse (R^^^) and 
longitudinal directions {R'^) simultaneously at constant 
current bias in longitudinal direction (Ix), as shown in 
Fig. IHc). The possibility to rotate the platform makes 
it possible to apply magnetic field at any angle with re- 
spect to the film surface. All studied films have about 
the same thickness and the same Hall-bridge geometry. 
Therefore, presented data for films with different Ni con- 
centrations can be compared explicitly without the need 
of additional geometrical normalization factors. 

Due to the specific geometry of the experiment, see 
Fig. [He), the measured R^^^ is sensitive only to the 
perpendicular component of the magnetic induction in 
the film. For the out-of-plane orientation of the easy 
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FIG. 5. (Color online) Absolute values of Hall resistances, 
normalized by field, as a function of temperature for films 
with different Ni concentrations. The R*y is obtained from 
the data in Fig. IH using Eq. ((2} . 



axis, magnetization in the perpendicular field will have a 
hysteresis/coercivity and so will However, for the 

in-plane orientation of the easy axis, the magnetization 
of the film in perpendicular magnetic field will have zero 
coercivity, because in this case only rotation of magne- 
tization takes place without translational movement of 
magnetic domain walls 



III. RESULTS AND DISCUSSION 



Figure [4] shows temperature dependencies of measured 
transverse resistances RT^f for films with Ni concentra- 
tions of 13, 27, 40 and 67 at.% and for two opposite 
field directions perpendicular to the film, i?™^ contains 
both longitudinal and Hall contributions. It is seen that 
at high T the measured R'^^ is independent of the field 
direction, indicating that it is dominated by the even-in- 
field longitudinal resistance. However, at lower T mag- 
netic correlations become significant and the correspond- 
ing odd- in- field Hall contribution appears in R^^- To ex- 
tract the pure Hall contribution, we took the difference 
of for positive and negative field directions: 



[i?-p(±H) - i?S7(-i/)] 



(2) 



This way the contribution from the even in field longitu- 
dinal resistance is cancelled out. Alternatively, we explic- 
itly subtract the longitudinal resistance R°^, measured 
simultaneously: 
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(3) 
(4) 



The advantage of such definition is that it provides Hall 
resistances for both field directions, while Eq.([2]) gives 
R%y only for the absolute value of the field. 
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FIG. 6. (Color online) Magnetic field dependencies of Hall 
resistances at low (main panels) and elevated (insets) temper- 
atures for films with (a) 13 at.% and (b) 27 at.% of Ni. The 
field is perpendicular to the films. At low T (solid circles), 
Rxy{H) for both films exhibits hysteresis. At higher T the 
films are in the cluster-glass state (open circles): Rxy{H) re- 
main strongly nonlinear, but the coercivity vanishes at T ~ 7 
K for 13 at.% Ni and T ~ 12.8 K for 27 at.% of Ni. With fur- 
ther increase of T, the films become paramagnetic with linear 
Rxy{H), as shown in insets. 



Figure \5\ shows T dependencies of absolute values of 
Rly/H, for the data from Fig. g] An onset of R*y{T) 
with decreasing temperature is seen for all studied films. 
The has strong T— dependence and increases 

rapidly with increasing Ni concentration. At T = 2K, 
R*y \/\H\ differs by more than two orders of magnitude 
between films with the largest (67 at.%) and the smallest 
(13 at.%) Ni concentrations. 



A. Films with low Ni concentration 

Main panels of Fig. [6]show —Rxy{H) at low T for films 
with (a) 13 at.% and (b) 27 at.% of Ni. Both films show a 
hysteresis at the lowest T (solid circles) with significant 
coercivity of 0.16 T and 0.6 T, respectively, indicating 
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FIG. 7. (Color online) Temperature dependencies of 
—dRxy/dH at H ~ (open) and H=2 T (solid symbols) 
for films with (a) 13 at.% and (b) 27 at.% of Ni. The in- 
sets show T— dependence of normalized Hall resistances at 
low and high fields. Existence of the extended cluster-glass 
region with nonlinear Rxy{H) / H ^ const is clearly seen. 



the out-of-plane magnetic anisotropy. It is seen, how- 
ever, that Rxy{H) continues to grow at large fields. This 
is due to a weak magnetism in those strongly diluted, sub- 
critical NiPt films. In this case the saturable EHE is of 
the same order as the non-saturable OHE contributioni^ 
With increasing temperature, the coercivity rapidly de- 
creases and vanishes at T/ ~ 7 K for the film with 13 
at.% of Ni and Tf ~ 12.8 K for 27 at.% of Ni. However, 
Rxy{H) remains nonlinear, see curves with open circles 
in the main panels of Fig. [51 indicating presence of the 
residual cluster magnetism in the films. Therefore, Tj 
represents the CG freezing temperature. 

Figure [7] shows —dRxy/dH as a function of tempera- 
ture for the same films at low fields (open circles) and 
above the saturation field at H—2 T (solid circles). Ac- 
cording to Eq. (1), the latter represents the OHE. The 
difference of dRxy/dH at low and high fields provides an 
accurate measure of nonlinearity of the Hall effect. From 
Fig. [7] it is seen that at low temperatures, the zero-field 
slope has a strong T— dependence. It rapidly decreases 
with increasing temperature and becomes equal to the 
high field slope at T ~ 60 K for the film with 13 at.% 
Ni and T ~ 112 K for 27 at.% Ni. Those temperatures 
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FIG. 8. (Color online) —Rxy{H) dependencies of the film with 
27 at.% of Ni measured at T=U.8, 24.8 and 34.9 K. The inset 
shows the same Rxy as a function of H/T in the small field 
range. A good superparamegnetic-type scaling is seen. 



represent the cluster glass-to-paramagnetic transition in 
the films. At higher temperatures Rxy{H) becomes lin- 
ear and Rxy/ H is almost T— independent, typical for the 
ordinary Hall effect in the paramagnetic state of thin 
films. 

Cluster glass state is often accompanied by 
superparamagnetic-type behavior. It is described 
by the Langevin function^^: 



M oc L — coth 



(5) 



Here /i is the magnetic moment of an individual cluster. 

The main panel of Fig. [5] shows T-evolution of 
-Rxy{H) for the film with 27 at.% Ni in the CG state 
ai T > Tf. It is seen that in the low field range from 
-0.3 T to 0.3 T, Rxy{H) is strongly nonlinear and, there- 
fore, has a dominant EHE contribution, proportional to 
the magnetic moment of individual magnetic clusters av- 
eraged over the volume of the sample^°. To check the 
superparamagnetic scaling^!, in the inset of Fig. |S] we 
plot Rxy as a function of H/T in the low field range. It 
is seen that the scaling is fairly good. 

Figure ini shows the EHE part of resistance, Rehe{H), 
for films with (a) 13 at.% and (b) 27 at.% of Ni, at 
T > Tf. Re HE is obtained by subtracting a linear 
OHE contribution, Rqhe H, clearly seen at large 
H: Rehe — Rxy ~ RoHE- Data are fitted with Eq. 
([5]), Rehe = ^L, using fi and A as fitting parameters 
(dotted lines). From the fits we obtain an average mag- 
netization ^ = 1.19 • lO^^i A-m2 and = 3.3 • IQ-^i 
A-m^ for the films with 13 at.% and 27 at.% of Ni, re- 
spectively. Therefore, magnetic clusters are composed of 
about 128 and 356 for films with 13 and 27 at.% of 
Ni, correspondingly. However, in contrast to fixed-size 
(structural) superparamagnetic particles, fj, in NiPt films 
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FIG. 9. (Color online) The extraordinary parts of the Hall 
resistances —Rehe{H) for films with (a) 13 at.% of Ni mea- 
sured at r=7 K, and (b) 27 at.% of Ni measured at T=14.8 
K. The dotted lines represent fits by the Langevin function. 



is not constant, but is gradually decreasing with increas- 
ing temperature, which typical for the cluster glass state 
with variable-size spin clusters. 

Figure [10] summarizes T— dependencies of the coerciv- 
ity for films with low Ni concentrations. The coercivity 
turns to zero at the CG freezing temperature. This al- 
lows an accurate estimation of T/ ~ 7 and 13 K for the 
films with 13 and 27 at.% Ni respectively. 



B. Films with high Ni concentration 

NiPt films with over-critical Ni concentration show dis- 
tinctly different behavior. In Fig. [TT]we show —Rxy{H) 
at different T, for the film containing 40 at.% of Ni, which 
is close to the critical concentration for the appearance of 
fcrromagnetism. At low T the —Rxy{H) curves decrease 
with increasing field, opposite to that for sub-critical con- 
centrations, see Fig. 6. This means that the EHE coef- 
ficient i?i changes sign from electron-type (negative) at 
sub-critical, to hole-type (positive) at the critical concen- 
tration. The EHE is dominant up to ~ 2 T. At higher 
fields the non-saturable OHE contribution becomes visi- 
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FIG. 10. (Color online) Coercivity, estimated from Rxy vs H 
curves, at different temperatures for the films with 13 (solid 
squares) and 27 (solid circles) at.% of Ni, with magnetic field 
applied perpendicular to the film surface. 



ble. The OHE coefficient Rq is remaining electron-type, 
as in sub-critical films. Different signs of Rq and Ri 
lead to backbending of Rxy {H) curves at high fields (see 
Rxy{H) at T = 2.2 K in Fig. [TT]). 

A new characteristic feature is seen at the lowest T=2.2 
K: a pronounced peak appears in Rxy{H) at ~ ±0.35 
T. The peak is hysteretic, i.e. depends on the field 
sweep direction. For example, when the field is swept 
down from positive to negative field, the peak appears 
at = -0.35 T, but not at ff = +0.35 T. Such non- 
monotonic behavior of Rxy is attributed to obliquely 
canted magnetization^!^. The peak is smeared out al- 
ready at T=3.8 K, and the hysteresis vanishes at T=10.8 
K. The hysteresis- free curves indicate an in-plane easy 
axis of magnetization. At T=14.8 K, another "flat" hys- 
teresis in the reverse, clockwise direction, appears in the 
low field region (see the inset in F ig. pTt . Such behavior 
is similar to observations in Ref. 58, and is associated 
with restoration of the canted magnetization, with the 
easy axis flipping to the opposite side of the film, com- 
pared to the low-T case. The hysteresis disappears at 
T ~ 25 K. At T > 112 K, the EHE coefficient changes 
sign to electron-type. At T ^ 240 K the film becomes 
paramagnetic with linear Rxy{H). 

Figure [T^ shows —Rxy{H) at different temperatures for 
the film with the highest studied Ni concentration of 67 
at.%. The curves show almost no hysteresis and a clear 
saturation. In contrast to the film with 40 at.% of Ni, 
both the EHE and the OHE has the same electron-type 
sign at all temperatures. The saturation value of Rxy at 
the lowest T is seven times larger than for the film with 
40 at.% of Ni, shown in Fig. [TTl The EHE contribution 
is dominant over the full range of the applied magnetic 
field. This results in a relatively small —dRxy/dH at high 
fields [solid circles in Fig. [13] (b)] and strong tempera- 
ture dependence of the saturation Rxy [see the inset of 
Fig. [13] (b)]. The low field slope decreases with T, and 
Rxy{H) dependence becomes linear at the Curie temper- 
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FIG. 11. (Color online) Magnetic field dependencies of the 
Hall resistance for the film with 40 at.% of Ni measured at 
different temperatures. The magnetic field is applied perpen- 
dicular to the film. The inset shows Rxy(H) at T = 14.8 K 
in a small field range where inverse hysteresis is seen. Note 
different signs of the EHE and the OHE at low T. 
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FIG. 12. (Color online) Magnetic field dependencies of the 
Hall resistance for the film with 67 at.% of Ni, at different 
temperatures. The magnetic field is applied perpendicular 
to the film. The Rxy{H) exhibit a clear saturation up to 
Tc ~ 280 K. 



ature Tc ~ 280 K. 

The main panels in Fig. [13] show T— dependencies of 
~dRxy/dH for films with (a) 40 and (b) 67 at.% of Ni, at 
small (open symbols) and large (closed symbols) fields. 
At low temperatures, Rxy{H) is strongly nonlinear, sat- 
urates at relatively low fields, and is predominantly due 
to the EHE. Consequently, dRxy/dH is large (positive 
for the film with 40 at.% of Ni and negative for the film 
with 67 at.% of Ni) at low fields. The high-field slopes 
represent the OHE coefficient Rq. It is small and nega- 
tive in all cases. With increasing T, the saturation mag- 
netic field increases. As a result, the absolute value of 
dRxy/dH decreases at low fields, but starts to increase 
with increasing T at high fields. The insets in Fig. [13] 
show values of —Rxy/H at high fields. They have strong 
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FIG. 13. (Color online) Temperature dependencies of 
—dRxy/dH at low (open) and high (closed symbols) fields, 
perpendicular to films, for (a) 40 at.% and (b) 67 at.% of Ni. 
The insets show normalized Hall resistances, at large fields. 
Unlike the case of low Ni concentration, these are dominated 
by EHE and exhibit strong T-dependence. 



temperature dependencies, as do low-field R*y/H shown 
in Fig. [5] This is in contrast to films with low Ni con- 
centration, for which only low-field Hall effect had strong 
T— dependence, while large field Rxy was only weakly 
T— dependent because it was dominated by the OHE. 
Clearly, for NiPt thin films with high Ni concentrations, 
the contribution from the EHE is substantial in the whole 
field range. 



C. Angular dependence of the anomalous Hall effect 

From Figs. [Tl1andfT2lit is seen that although films with 
high Ni concentration are ferromagnetic and Rxy{H) is 
dominated by the extraordinary contribution RiM, the 
observed coercivity remains very small. As mentioned in 
Sec. H C, such the behavior is expected for films with the 
in-plane orientation of the easy axis of magnetization. 

To better understand the orientation of magnetic 
anisotropy, we study angular dependence of the Hall ef- 
fect. Figure [TH shows —Rxy{H) curves at T ~ 2 K for 
films with (a, b) 13, (c, d) 27, and (e, f) 40 at.% of Ni 




FIG. 14. Hall resistances at T ~ 2 K for diluted NiPt films 
with (a,b) 13, (c,d) 27 and (e,f) 40 at.% of Ni at angles 90° 
(field perpendicular to the film) and 5° between the film and 
the field. The Rxy{H) curves develop gradually with angle 
and collapse to Rxy{H) ~ at field parallel to the film. Note 
the non-monotonous Rxy{H) of the ferromagnetic film with 
40 at.% Ni, which is different from the monotonous behav- 
ior of cluster-glass films with sub-critical 13 and 27 at.% Ni 
concentration. 



at angles (a, c, e) 90° (field perpendicular to the film) 
and (b, d, f) 5° between the field and the film surface. 
In all cases saturation values of the Hall resistance de- 
crease with decreasing angle because the measured sig- 
nal is proportional to the out-of-plain component of the 
magnetic moment, which scales as the sine of angle. Sim- 
ilarly, the saturation occurs at approximately the same 
perpendicular component of the field. This leads to the 
seeming stretching of the Rxy{H) curves along the H- 
axis, inversely proportional to the sine of the angle. The 
—Rxy{H) curves in diluted films, shown in Fig. 1141 vary 
continuously with the angle until they practically collapse 
to Rxy{H) = at 0°, field parallel to the film. 

Figure [15] shows —Rxy{H) curves at T=1.8 K for the 
film with 67 at.% of Ni at different angles between the 
field and the film surface from (a) 90° (field perpendic- 
ular to the film) to (f) ^ 0° (field parallel to the film). 
Orientation of the field is sketched in panels (a) and (f). 
At the angle of 10° an abrupt switching of Hall resis- 
tance appears in the low field region [see Fig. [TSTd)]. As 
the angle decreases further, the values of Rxy between 
switchings slightly increase and reaches maximum at 0° 
[see Fig. [T5T f)]. For parallel field orientation the satu- 
ration Rxy at large fields becomes almost zero. In this 
case, the magnetic moment is oriented in-plane and does 



9 




FIG. 15. Magnetic field dependencies of the Hall resistances 
for the film with 67 at.% of Ni at r=1.8 K for different an- 
gles between the field and the film surface. Switching of Rxy 
at small angles and fields is associated with the planar Hall 
effect. 



not produce a measurable Hall voltage. The switching 
of Rxy at small fields is associated with the planar Hall 
effect (PHE)*'"'6i. The PHE appears when there is a 
component of magnetization in the film plane. The con- 
tribution from the PHE is zero when the magnetization is 
parallel or perpendicular to the current''^. That is why it 
is zero at high fields when the sample is magnetized per- 
pendicular to the current flow direction [see Fig. [TSTf)]. 
Note that a similar non- monotonous Rxy{H) is observed 
for the film with 40 at.% of Ni, but not observed for more 
diluted films with 13 and 27 at.% of Ni, as seen from Fig. 
[Ml This again demonstrates different behavior of films 
with low and high Ni concentrations. 

Figure [1^] represents a detailed view of the switch- 
ing process at different temperatures for the film with 
67 at.% of Ni. It shows RT^{H) of the same film for 
small in-plane magnetic fields. The curves at different T 
are offset for clarity. The measured resistance contains 
both the even-in-field PHE and the odd-in-field EHE 
contributions. The PHE is related to the anisotropic 
magnetoresistance^SiS^, which is even with respect to the 
field direction. It is seen that the PHE contribution 
is dominant at high T. However, at low T there is a 
clear odd-in-field EHE contribution. We remind that 
the measured EHE signal is proportional to the out-of- 
plane moment. We attribute EHE in nominally parallel 
fields to finite out-of-plane stray fields appearing upon 
re-orientation of in-plane domains. As temperature in- 
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FIG. 16. (Color online) Measured Hall resistances in small 
parallel magnetic fields at different temperatures for the 67 
% Ni film. The curves are offset for clarity. The presence of 
both even- and odd-in-field contributions is seen, attributed 
to the planar and the extraordinary Hall effects, respectively. 



creases the R'^^{H) becomes more symmetrical indicat- 
ing the decrease of the EHE contribution. 



D. The phase diagram 

In Table U we summarize magnetic properties of our 
films: the Curie temperature Tc, the cluster- glass freez- 
ing temperature Tf , cluster glass - to - paramagnet (PM) 
transition temperature Tp, the saturated extraordinary 
Hall resistivity pi = RsHEd measured at T 2 K and 
H — 2.5 T, the longitudinal resistivity p^x at T ~ 2 K 
and H = {) T and the ordinary Hall coefficient i?o at 
T - 2 K and 300 K, obtained from dRxy/dH at high 
fields. It is seen that Tc, Tf, and pi increase rapidly 
(almost exponentially) with increasing Ni concentration. 
However the coercivity of films with high Ni concentra- 
tion is much smaller than that for films with low Ni con- 
centration. This is caused by reorientation of magnetic 
anisotropy from the out-of-plane to the in-plane with in- 
creasing Ni concentration. 

In Fig. [T7] we present the magnetic phase diagram 
of NiPt films. Ferromagnetism in the film with high 67 
at.% Ni concentration appears in a conventional manner 
through the second-order PM-FM phase transition at the 
Curie temperature Tc- At T < Tc finite magnetization 
rapidly starts to appear and there is no signature of the 
CG state above Tc- The values of Tc for the film with 67 
at.% of Ni are compared to Tc of bulk NiPt alloys from 
Ref. Good agreement verifies the accuracy of deter- 
mination of Ni concentration using the EDS technique. 

Diluted NiPt thin films demonstrate non-trivial prop- 
erties. In sub-critical films with 13 and 27 at.% of Ni with 
decreasing temperature first a crossover from the PM to 
the CG state occurs at Tp. In the CG state the saturation 
magnetization becomes finite, however, the coercivity re- 
mains zero, as shown in Figs. [5] and (5] At Tf the CG 
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TABLE I. Parameters of studied NiPt thin films: the Curie temperature Tc, the cluster glass freezing temperature Tf, the 
cluster glass - to - paramagnetic transition temperature Tp, the saturated extraordinary Hall resistivity pi measured at T ^ 2 
K and H — 2.5 T, the longitudinal resistivity p^x at T ~ 2 K and H — T and the ordinary Hall coefficient i?o at T ~ 2 and 
300 K. 



Ni concentration 


Tc 


Tf 


Tr 




Pxx 


i?o(~2 K) 


i?o(~300 K) 


(at.%) 


(K) 


(K) 


(K) 


(10- cm) 


{fifl cm) 


{10-^ fiQ. cmT-i) 


{10-'-^ fiQ. cmT-i) 


13 
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60 


-0.9 


15.46 


-2.94 


-2.38 


27 




13 


112 


-2.7 


27.31 


-2.16 


-2.26 


40 


3.8^ 


24.8 


242.5 


19.45 


35.56 


-1.14 


-1.55 


67 


28" 






-139.5 


31.37 


-4.91 


-4.04 



" Due to the coexistence of CG and FM at this concentration it is difficult to assess the true Tc from the measured data. 
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FIG. 17. (Color online) The obtained T — x phase diagram 
of NixPti-x thin films. The films with low Ni concentra- 
tions change the state from the paramagnetic (PM) at high 
T, cluster-glass (CG) at intermediate T, and to frozen CG at 
low T. The film with the critical Ni concentration of 40 at.% 
undergoes a double transitions from the PM to the CG and 
to the ferromagnetic (FM) state with decreasing T. The film 
with 67 at.% of Ni shows a single phase transition from the 
PM to the FM state at Tc ~ 280 K. Open triangles represent 
Tc of bulk NiPt alloys from Ref. \M- The Tc is vanishing at 
the critical concentration Xc — 40%, indicating the occurrence 
of the quantum phase transition at T = 0. 



state freezes which leads to appearence of finite coerciv- 
ity and remanent magnetization at the time scale of the 
experiment, see Fig. [5] 

Appearance of magnetism in the film with 40% Ni re- 
quires one more step. First a PM-to-CG crossover takes 
place at Tp ~ 240 K. The CG freezes at Tf ~ 24.8 K, 
which leads to appearance of a finite coercivity, as shown 
in the inset of Fig. [TTJ With further decrease of T below 
~3.8 K the Hall resistance starts to show a much larger 
hysteresis with a non-monotonous peak, see the curve at 
T = 2.2 K in Fig. [TT] The angular dependence of the 
peak is resembling that for the ferromagnetic film with 
67 at.% of Ni, see Fig. (f), indicative for the in-plane 
anisotropy and the finite contribution from the planar 
Hall effect due to appearance of ferromagnetic domain 
walls. Therefore we ascribe the appearance of such dis- 
tinctly different behavior at low T to transition of the film 



in the ferromagnetic state at Tc — 3.8 K. It is likely that 
the observed sequential PM-CG-FM appearance of mag- 
netism in this films has a percolative mechanism!''* . In 
this case spin clusters appear at Tp ~ 240 K, grow in size 
with lowering temperature and finally form an infinite 
ferromagnetic cluster at Tc — 3.8 K, which is, however, 
coexisting with the cluster glass state in the remaining 
finite-size clusters. 

From Fig. [T7| it is seen that the ferromagnetism dis- 
appears Tc at the critical concentration Xc — 
40%. Therefore, at this concentration the transition 
from the normal (PM) to the ferromagnetic state oc- 
curs at r = 0. This is the quantum phase transition 
(QPT), which is driven by quantum, rather than ther- 
mal fluctuation s"'^*'*^ . The QPT can be viewed as a con- 
sequence of competition between qualitatively distinct 
ground states^. The competition leads to enhanced fluc- 
tuations around the critical point, which is reflected in 
the maximum of the longitudinal resistivity p^x for the 
40% Ni concentration, as seen from Table ID However, 
from the diagram in Fig. [T7] it is seen that the QPT 
in NiPt films is not ideal: the observed cluster-glass be- 
havior in the sub-critical films indicates local magnetic 
phase separation. Even though we can not exclude the 
influence of random Ni disorder on formation of magnetic 
clusters in our films, the commonality of such phase coex- 
istence for various types of magnetic QPT suggests that 
phase-separation may be generic to QPT—. For exam- 
ple, the phenomenon is also discussed in the context of 
the so-called pseudogap, coexisting with high tempera- 
ture superconductivity in cuprates^. 

As reported above, properties of NiPt thin films change 
significantly at the critical point. Most remarkably, the 
extraordinary Hall coefficient i?i is changing sign. At low 
and high Ni concentrations i?i is electron-type which is 
characteristic both for pure Ni and Pt. However, at the 
critical concentration Ri becomes hole- type (positive). 
The sign change of the EHE indicates that it is not due to 
scattering, i.e., not extrinsic, but has an intrinsic origin, 
related to the Berry phase and electron structure of spin- 
polarized itinerant charge carriers^. The presence of the 
hole-type contribution is also reflected in the OHE. From 
Table [T] it is seen that the value of Rq has a minimum 
at the critical concentration Xc — 40%. Therefore, we 
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suppose that the observed sign change of the EHE at the 
critical Ni concentration is connected with the quantum 
phase transition and is associated witli reconstruction of 
the electronic structure in the spin-polarization state of 
the alloy. 



IV. CONCLUSIONS 

In conclusions, magnetic properties of sputtered NiPt 
thin films with different Ni concentration were studied. 
Temperature, magnetic field and angular dependencies 
of the Hall resistance were analyzed. It was found that 
NiPt thin films with low, sub-critical, Ni concentration 
show cluster-glass behavior at low temperatures and ex- 
hibit perpendicular magnetic anisotropy below the freez- 
ing temperature. Films with over-critical Ni concentra- 
tion are ferromagnetic with parallel anisotropy. At the 
critical concentration the state of the film is strongly frus- 
trated: with decreasing temperature, the anisotropy ro- 
tates from out-of-plane to in-plane and again out-of-plane 
and the magnetism appears via consecutive percolation- 
type paramagnet - cluster glass - ferromagnet transitions, 
rather than a single second order phase transition. Most 
remarkably, the extraordinary Hall effect changes sign 
at the c;ritical concentration, while the ordinary Hall ef- 
fect does not. We suggest that this may be a conse- 
quence of the quantum phase transition at T = 0, asso- 
ciated with reconstruction of the electronic structure in 
the spin-polarization state of the alloy. 
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